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EXPERIENCES  IN  SEEKING  STABILIZERS  FOR  ZIRCONIA  HAVING 
HOT  CORROSION-RESISTANCE  AND  HIGH  TEMPERATURE  TETRAGONAL  |T')  STABILITY 


INTRODUCTION 


Zirconia-based  thermal  barrier  coatings  (TBCs)  are  widely  used  in  aviation  gas  turbines  on  such 
components  as  combustor  cans,  transition  ducts,  and  1st  stage  vane  platforms  and  airfoils  (1).  By 
virtue  of  the  thermal  insulative  properties  of 

zirconia  (Zr02),  TBCs  of  only  125-250  ry/  ~i — — x— 

zirconia  thickness  can  reduce  the  temperature  of  «35ja>  \  °  «  °  0  )  i 

the  underlying  metal  by  100°C  or  more.  02Smm  )  ^  „  . /"'  V.  «  ;t(iNsuwTivE 


Thermal  barrier  coatings  are  produced  by 
air  plasma-spraying  (APS)  (1),  or  more  recently, 
by  electron  beam-physical  vapor  deposition  (EB- 
PVD)  (2);  they  normally  consist  of  a  zirconia 
upper  layer  (125-250  m jj)  over  an  oxidation- 
resistant  metallic  bond  coat  { ~  1 25  m //),  where 
the  zirconia  layer  has  either  a  porous  "splatted- 
down  semi-molten  droplets"  structure  if  prepared 
by  APS,  or  a  columnar  grain  structure  if  prepared 
by  EB-PVD  (Figs.  1  and  2).  APS  gives  lower 
processing  costs  and  somewhat  better  heat 
insulation,  and  is  used  mainly  for  combustors 
and  large-area  parts.  EB-PVD  gives  superior 
spalling  resistance,  less  air-cooling  hole 
blockage,  and  a  smoother,  more  aerodynamic 
upper  surface,  and  therefore  is  preferred  for 
blade  and  vane  airfoils. 


(  GAS  TURBINE' 
SUPERALLOY 

/  /  / 


I  INSULATIVE 
I  CERAMIC 
l(AT  100-200*  C) 


.  OXIDATION 
RESISTANT 
BOND  COAT 


Figure  1  Cross-section  of  APS  thermal  barrier 
coating,  indicating  critical  5-15%  porosity. 


Another  important  distinction  is  in  the 
mechanism  of  spalling  failure.  APS  coatings 
appear  to  fail  under  oxidative  thermal  cycle 
conditions  by  the  formation  and  linking-up  of 
microcracks  within  the  zirconia  layer  just  above 
the  bond  coat  interface  (3).  In  contrast,  EB-PVD 
coatings  are  thought  to  fail  predominantly  from 
cracks  that  develop,  after  some  certain  critical 
thickness/stress  is  reached,  within  the  thermally 
grown  oxide  (TGO)  that  forms  at  temperature  on 
the  bond  coat  surface  (4).  Since,  for  given 
conditions,  the  rate  of  growth  of  the  TGO  film 
may  be  approximately  predictable,  it  has  been 
suggested  that  it  may  be  possible  to  predict 
engineering  lifetimes  for  EB-PVD  thermal  barrier 
coatings  on  critical  components  such  as  1st 
stage  blades  where  engine  destruction  might 
result  in  the  event  of  massive  TBC  failure  (4). 

The  prime  thrust  in  gas  turbine 
development  over  the  years  has  been  to 


Figure  2  Cross-section  of  EB-PVD  thermal  barrier 
coating,  indicating  columnar  grains  and  TGO  layer. 
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continually  increase  the  engine  operating 
temperature,  as  usually  characterized  by  the 
turbine  inlet  gas  temperature.  Numerous 
generations  of  superalloys  have  been  produced 
at  great  expense,  each  with  the  objective  of 
obtaining  only  another  25-30°C  increase  in 
engine  temperature  (Fig.  3).  This  process  is 
becoming  more  and  more  difficult,  however, 
because  conventional  cobalt*  and  nickel-based 
superalloys  have  been  developed  to  very  near 
their  maximum  temperature  capability  (which  is 
ultimately  limited  by  incipient  melting). 


Figure  3  Superalloy  temperature  capability  vs. 
highly  reliable  TBCs  for  GT  blades.  Used  with 
permission  of  the  General  Electric  Co.,  Ref.  5. 


The  appeal  to  engine  manufacturers  of 
the  advanced  use  of  TBCs  in  gas  turbines  is  easy 
to  understand  since  the  1 00°-1 50°C  temperature 
advantage  offered  by  TBCs  is  the  equivalent  of 
the  expensive  (and  now  even  perhaps  imposs¬ 
ible)  development  of  three  new  generations  of 
airfoil  superalloys  (Fig.  3)  A  100°C  increase  in 
gas  temperature  can  significantly  improve  engine 

power  and  fuel  economy.  An  increase  of  200°F  (1 10°C)  in  turbine  inlet  gas  temperature,  for  example, 
allowed  thrust  to  be  increased  from  40,000  lb  to  over  50,000  lb  in  jumbo-jet  gas  turbines  (6).  With 
regard  to  fuel  economy,  the  use  of  TBCs  on  the  blades  of  gas  turbines  is  projected  to  save  as  much 
as  10  million  gallons  of  fuel  per  year  for  a  250-aircraft  fleet  (7).  In  land-based  gas  turbines,  a  boost 
of  55°C  (100°F)  in  turbine  inlet  temperature  is  expected  to  provide  an  8  to  13  percent  gain  in  power 
output,  and  a  1  to  4  percent  increase  in  simple  cycle  efficiency  (8).  EB-PVD  thermal  barrier  coatings 
are  foreseen  also,  in  certain  aircraft  operations,  as  giving  an  up  to  3X  improvement  in  1  st  stage  blade 

life  (9). 


Engine  manufacturers  are  therefore  seeking  to  perfect  highly  reliable  TBCs  for  use  at  full 
thermal  advantage  on  1st  stage  blades,  and  in  future  ultra-high  temperature,  high  efficiency  engines. 
The  first  objective  is  aided  by  a  NASA-sponsored  project  aimed  at  establishing  a  reliable  model  for 
predicting  thermal  barrier  coating  life  on  gas  turbine  blades  (4).  In  the  second  goal,  NASA  research 
revealed  some  time  ago  that  the  current  state-of-art  yttria-stabilized  TBCs  do  not  have  sufficient  high- 
temperature  phase  stability  (see  below)  for  use  at  ultra-high  (i.e.,  1400°C)  temperatures  (10),  which 
means  that  new  TBC  ceramics  must  be  developed  for  ultra-high  temperature  TBCs  to  be  viable. 


The  U.S.  Navy  has  more  than  140  ships,  as  listed  in  Table  1,  which  are  powered  by  the 
General  Electric  LM2500  gas  turbine,  a  derated  and  "marinized"  version  of  the  GE  CF6  aviation  gas 
turbine.  These  ships  have  vital  missions,  with  those  designated  as  AEGIS  being  the  sophisticated, 
electronics-,  detector-,  and  computer-laden  ships  responsible  for  the  anti-missile  defense  of  the  carrier 
fleet.  Increasing  the  speed,  range,  durability  and  economy  of  these  ships  by  advanced  use  of  TBCs 
in  their  gas  turbine  engines  would  be  of  great  benefit  to  the  Fleet;  however,  it  is  imperative  that  such 
TBCs  operate  reliably  under  battle  conditions. 
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TABLE  1 


U.S.  Navy  Ships  Powered  by 
General  Electric  LM-2500  Gas  Turbine  Engines1 


Class 

Cateaorv 

Number 

Enoines 

Mission 

TICONDEROGA  (AEGIS) 

GM  cruiser 

27 

4 

hi-tech  anti-missile/plane 

BURKE  (AEGIS) 

GM  destroyer 

28 

4 

HP" 

SPRUANCE 

GM  destroyer 

31 

4 

anti-sub/plane/ship 

KIDD 

GM  destroyer 

4 

4 

anti-ship/plane 

PERRY 

GM  frigate 

50 

2 

anti-ship/plane/support 

SUPPLY 

fast  support  ship 

4 

4 

modern  fast  supply/support 

144 

476 

1  from  Jane's  Fighting  Ships,  1994-95;  GM  -  Guided  Missile 


The  critical  problem  in  using  TBCs  in  ship  propulsion,  as  opposed  to  aviation,  gas  turbines  is 
hot  corrosion  of  the  TBC  by  molten  deposits  formed  in  the  engine  from  sea  salt  and  marine  fuel 
impurities  (esp.  sulfur  and  vanadium).  The  lower  classes  of  marine  fuel  can  contain  up  to  5  wgt% 
sulfur,  and  several  hundred  ppm  of  vanadium,  whereas  aviation  fuel  is  limited  to  <  0.05  wgt%  sulfur 
and  no  vanadium.  Present  Navy  marine  fuel  specifications  call  for  <  1.0  wgt%  sulfur  and  no 
vanadium,  but  this  level  of  purity  can  not  necessarily  be  guaranteed  in  wartime  emergency.  There  is 
the  possibility  also  of  heavy  sea  salt  ingestion  because  of  intake  air  filter  damage  during  battle. 

The  current  state-of-art  TBC  for  aviation  engines  is  comprised  of  Y203(6-8wgt%)-stabilized  Zr02 
(YSZ),  but,  as  shown  initially  by  Kvernes  gl  si  (11).  YSZ  reacts  strongly  with  vanadium  impurities  in 
marine  fuel  to  form  YV04,  with  the  TBC  then  failing  because  of  Y203  depletion.  Zirconia  itself,  on  the 
other  hand,  exhibits  good  resistance  to  chemical  reaction  with  vanadate-sulfate  deposits  (12,13).  A 
search  has  therefore  been  made  to  find  a  reaction-resistant  replacement  stabilizer  for  Y203  that  would 
yield  a  zirconia-based  TBC  for  Navy  ship  propulsion  engines  as  effective  as  YSZ  thermal  barrier 
coatings,  but  substantially  more  resistant  to  hot  corrosion  by  marine  fuel  impurities,  especially 
vanadium. 

RATIONALE  OF  SEARCH 
Critical  TBC  Phase  Structure 

Over  the  years  it  has  been  established  that  many  factors  are  critical  for  a  successful  TBC 
including  the  macro-porosity  of  the  APS  zirconia  layer  (a  certain  minimum  amount  is  required),  the 
structure  and  composition  of  the  bond  coat,  and  the  composition  and  "heat  treatment"  of  the  zirconia 
itself  (1).  In  particular,  the  monoclinic-to-tetragonal  phase  transformation,  which  occurs  at  about 
1180°C  for  pure  Zr02  and  involves  a  disruptive  4%  volume  change,  must  be  avoided;  this  is 
accomplished  by  adding  stabilizers  such  as  MgO,  CaO,  or  preferably,  Y203.  Moreover.  Stecura 
determined  in  NASA  research  that  the  best  spalling  performance  (Fig.  4)  occurred  at  6-8  wgt%  Y203, 
i.e.,  at  3.4-4. 5  mol%  Y203or  6.8-9.0  mol%  Y0,.6  (14).  This  has  been  confirmed  in  service  where  YSZ 
coatings  of  Y203(7-8wgt%)-Zr02  have  been  widely  found  to  give  the  best  thermal  cycle  life  and  engine 
performance. 

Comparison  with  the  Zr02-Y203  phase  diagram  (Fig.  5)  shows,  however,  that  this  composition 
does  not  lie  in  the  fully  stabilized  cubic  Zr02  region,  but  rather  in  the  so-called  partially  stabilized 
zirconia  (PSZ)  region,  where  quenching  from  high  temperature,  as  happens  when  thermal  barrier 
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coatings  are  produced  by  APS  or  EB-PVD,  yields 
the  "nontransformable"  tetragonal  (t')  zirconia 
phase.  This  phase  is  described  as  nontransform¬ 
able  since  it  does  not  undergo  the  catastrophic 
(in  terms  of  TBC  life)  tetragonal  (t)  <=*  monoclinic 
phase  transformation  that  would  otherwise 
occur  with  engine  thermal  cycling  at  this  Y203- 
Zr02  composition.  It  also,  unlike  the  tetragonal 
(t)  phase,  is  not  transformed  to  monoclinic  by 
physical  stress.  The  t'  phase  has  a  complex 
microstructure  containing  many  twins  and 
antiphase-domain  boundaries  (15),  and  as 
discussed  by  Lelait  and  Alperine  (16),  it  appears 
that  this  unique  microstructure  resists  both  grain 
growth,  which  inhibits  phase  transformation,  and 
crack  propagation,  which  confers  thermomech¬ 
anical  toughness  and  spalling  resistance  to  the 
TBC.  All  evidence  to  date  indicates  that,  for 
optimal  performance,  a  zirconia  TBC  must 
consist  predominantly  of  the  t'  phase. 

The  critical  zirconia  t'  phase  necessary 
for  good  TBC  performance  can  be  destroyed, 
however,  either  by  chemical  attack  or  by  high 
temperature  aging.  Removal  of  the  Y203 
stabilizer  by  YV04  formation  during  vanadium- 
induced  hot  corrosion,  for  instance,  moves  the 
YSZ  composition  into  the  low-Y203  region  of  the 
phase  diagram  (Fig.  5)  where  the  t'  phase  is  no 
longer  possible.  And  as  Miller  et  aj  (10) 
originally  demonstrated,  aging  at  1200°C  and 
above  causes  the  metastable  t'  YSZ  phase  to 
revert  to  the  equilibrium  tetragonal  (t)  and  cubic 
phases  (Fig.  5),  with  the  tetragonal  (t)  ^ 
monoclinic  transformation  then  occurring  upon 
subsequent  thermal  cycling. 

Therefore,  for  Navy  ship  engine  use,  we 
must  seek  a  new  stabilizer  which  1 )  yields  the 
requisite  zirconia  t'  phase,  2)  has  the  chemical 
stability,  when  in  solid  solution  in  zirconia,  to 
resist  stabilizer  depletion  by  corrosion  reaction, 
and  3)  provides  a  zirconia  t'  phase  with  good 
high  temperature  phase  stability. 

Modes  of  Attack  on  TBC 


Figure  4  Effect  of  Y203  content  on  thermal  cycle 
life  of  Zr02-Y203  thermal  barrier  coating.  Ref.  14. 


Figure  5  Zr02-Y203  phase  diagram,  indicating  t' 
formation,  t'  -*  t  +  c  phase  change  at  1 400°C,  and 
t  -*  m  transformation  on  cooling,  after  Ref.  10. 


Molten  salt  deposits,  especially  those  containing  vanadium,  can  be  quite  wetting,  and  capable 
of  penetrating  through  the  zirconia  TBC  porosity  down  to  the  bond  coat  interface  (Fig.  1).  In  such 
cases,  even  if  the  zirconia  is  totally  "corrosion-proof,"  the  TBC  could  still  be  degraded  by  bond  coat 
corrosion,  or  by  physical  damage  resulting  from  "freeze-thaw"  of  melt  phases  in  the  zirconia  pores. 
Under  what  conditions  zirconia  penetration/bond  coat  corrosion  may  become  troublesome  has  yet  to 
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be  clearly  determined.  It  was  not  seen,  for  example,  in  burner  rig  testing  using  high  fuel  contaminant 
levels  of  sulfur  and  sea  salt  (17),  and  of  sulfur,  vanadium  and  sea  salt  (18),  where  surface  deposits 
were  found,  but  there  was  no  significant  penetration  of  deposit  into  the  zirconia,  or  bond  coat 
corrosion. 

Having  a  corrosion-resistant  zirconia  will  therefore  not  guarantee  a  "corrosion-free"  TBC;  on 
the  other  hand,  a  corrosion-resistant  TBC  is  not  possible  unless  the  Zr02  layer  itself  has  strong 
resistance  to  vanadate-sulfate  hot  corrosion.  In  the  present  work,  our  efforts  have  been  limited  to 
seeking  only  a  hot  corrosion-resistant  zirconia,  and  we  have  come  to  recognize  in  these  efforts  that 
there  are  at  least  three  potential  modes  of  degradation  for  stabilized  zirconia,  these  being:  chemical 
reaction,  mineralization,  and  grain  growth/phase  transformation. 

Chemical  Reaction.  In  chemical  attack,  an  identifiable  product  is  formed,  and  usually  a  particular 
reaction  can  be  postulated,  e.g., 

Y203(in  Zr02  soln)  +  V206  (in  melt  soln)  -*  2  YV04  (pure  solid)  (1) 

The  reaction  of  ceramic  oxides  with  sodium  vanadate  compounds  and  V206  was  shown  to  be  largely 
driven  by  Lewis  acid-base  considerations  (Fig.  6),  with  oxides  that  were  neither  too  basic  or  too  acidic 
being  necessary  to  avoid  reaction  with  melts  of  given  Na20  and  V206  activities  (13).  This  concept  was 
the  basis  of  our  initial  screening  tests,  wherein  candidate  oxides  were  mixed  with  NaV03  or  NaV03- 
V20B  mixtures,  heated  at  700-900°C,  and  x- 
rayed  to  see  if  a  vanadate  product  was  formed. 

A  number  of  oxides,  including  several  rare  earth 
oxides,  were  ruled  out  as  potential  stabilizers  by 
this  means. 


Later  we  developed  a  thermogravimetric 
analysis/S03  equilibrium  technique  (1 9,20)  which 
allows  the  combined  attack  of  the  Na20-V206- 
S03  melt  components  on  ceramic  oxides  to  be 
studied,  and  which  provides  a  more  quantitative 
"ranking"  of  the  potential  corrosion  resistance  of 
candidate  oxides.  An  improved  understanding  of 
the  thermochemistry  of  corrosive  vanadate- 
sulfate  melts  was  also  obtained  in  these  latter 
studies,  including  in  some  cases  the 
determination  of  activity  coefficients  and 
standard  Gibbs  energies  of  formation  (20).  The 
oxides  which  performed  well  in  these  various 
chemical  reaction  tests  were  selected,  more  or 
less  regardless  of  their  perceived  "stabilizing 
ability,"  for  further  study. 

Mineralization.  In  examining  Ce02-Zr02  ceramics,  we  found  that  Ce02-stabilized  Zr02  was  readily 
destabilized  by  NaV03,  even  though  neither  Ce02  or  Zr02  reacts  chemically  with  molten  NaV03  (21). 
This  was  puzzling  until  it  was  recognized  that  the  phases  resulting  from  the  destabilization,  i.e., 
monoclinic  Zr02  and  cubic  Ce02  containing  some  Zr02  (21),  were  in  fact  the  equilibrium  phases  in  the 
Ce02-Zr02  system  at  700-900°C  (22).  The  molten  NaV03  thus  had  acted  as  a  "mineralizer." 
Mineralizers  are  substances  which  are  not  chemically  reactive,  but  nonetheless  facilitate  the  attainment 
of  equilibrium  in  systems  where  phase  transformation  is  sluggish  (23);  they  are  commonly  used,  e.g.. 
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Figure  6  Reaction  of  vanadium  compounds  with 
ceramic  oxides,  with  no  reaction  (NR)  occurring  for 
compounds  of  similar  Lewis  basicities.  Ref.  13. 
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in  silica  chemistry.  Our  experience  with  Ce02-stabilized  Zr02  establishes  that  molten  engine  deposits 
may  degrade  TBCs  not  only  by  chemical  reaction,  but  also  by  more  subtle  mineralization  effects. 

flrain  Growth/Phase  Transformation.  Stabilized  zirconias  have  been  extensively  researched,  and  the 
properties  of  the  zirconia  have  been  repeatedly  found  to  depend  critically  upon  the  heat  treatment  and 
resultant  grain  size  of  the  ceramic.  Generally  speaking,  as  temperature  increases,  so  does  gram 
growth,  and  therefore  often  the  chance  for  undesirable  phase  transformation. 

This  is  seen  in  the  Zr02-Y203  system.  Yttria  tetragonal  (t)  zirconia  polycrystals  (Y-TZP)  is  an 
important  commercial  ceramic  used  in  extrusion  dies,  cutting  instruments,  machine  tools,  etc.,  because 
of  its  high  strength  and  toughness.  It  is  prepared  by  carefully  heat-treating  Zr02  containing  2-3  mol% 
Y203  in  the  range  of  1 400-1 600°C  and  then  cooling  appropriately  so  as  to  retain  the  tetragonal  It) 
phase  down  to  ambient  temperature.  However,  if  the  grain  size  grows  at  temperature  to  exceed  about 
1  micron,  the  tetragonal  It)  phase  transforms  spontaneously  to  the  monoclinic  phase  upon  cooling  (15), 
resulting  in  a  much  weaker  material.  In  contrast,  the  tetragonal  It')  phase,  perhaps  because  of  its 
complex  sub-grain  microstructure,  can  withstand  grain  sizes  of  100  microns  or  more  without 
transformation. 

Another  aspect  of  the  problem  is  the  possibility  of  metastable  zirconia  phases  at  lower 
temperatures.  Mixtures  of  Zr02  with  various  oxides  will  often  exhibit  a  cubic  or  tetragonal  structure 
after  calcining  at  temperatures  under  1000°C,  and  are  therefore  sometimes  erroneously  described  as 
being  "stabilized"  by  the  given  oxide.  Sasaki  et  al  (24)  point  out  this  difficulty  by  noting  that,  in  their 
study  of  the  Zr02-ln01B  system,  calcined  powders  of  20-50  mol%  lnO,.6  consisted  of  only  the 
tetragonal  phase,  whereas  the  true  equilibrium  phases  below  1 000°C  were  monoclinic  Zr02  containing 
less  than  1  mol%  InO,  6,  and  cubic  lnO,.B  containing  less  than  1  mol%  Zr02.  The  equilibrium  phases 
were  achieved  only  upon  the  use  of  heat  treatments  of  sufficient  temperature  and  time  to  allow  the 
excess  InO,  6  to  segregate  from  the  supersaturated  Zr02  solution.  Ceramicists  therefore  normally  insist 
that  a  zirconia  system  must  be  fired  at  temperatures  of  1500°C-1700°C  and  above  to  insure  phase 
equilibrium,  and  to  allow  for  possible  grain  growth  and/or  phase  transformation,  before  it  can  be  termed 
as  stabilized  or  not. 


On  the  other  hand,  zirconias  are  notoriously  difficult  to  bring  to  phase  equilibrium  even  at  very 
high  temperatures,  and  technically  metastable  zirconia  phases,  such  as  the  metastable  YSZ  tetragonal 
It')  phase,  could  still  prove  useful  in  TBCs,  perhaps  especially  in  lower  temperature  engines.  Discretion 
is  obviously  required  in  this  area.  Beyond  this,  and  adding  to  the  complexity  of  the  problem,  there  is 
evidence  that  a  significant  difference  may  exist  in  the  ultimate  "stabilizing  ability"  of  the  various  oxides 
(24,25). 

Against  this  background,  the  various  studies  described  below  were  undertaken.  Most  of  the 
zirconias  investigated  were  initially  prepared  as  plasma  spray  powders  of  mean  diameter  of  ~  50  m/y 
by  a  sol-gel  procedure  which  gives  excellent  chemical  homogeneity,  and  good  uniformity  of  particle 
size  without  additional  processing. 

This  investigation  was  preceded  by  a  separate,  NAVSEA-sponsored  developmental  research 
project,  based  primarily  upon  burner  rig  testing  at  the  General  Electric  Aircraft  Engine  Co.,  which 
evaluated  MgO-,  Y203-,  and  Ce02-stabilized  Zr02  thermal  barrier  coatings  for  hot  corrosion  resistance 
to  simulated  vanadium,  sulfur  and  sea  salt  contaminated  marine  fuel  (26).  While  Y203-  and  Ce02- 
stabilized  Zr02  TBCs  showed  very  good  resistance  (better  than  metallic  coatings)  to  conventional 
molten  sulfate  hot  corrosion,  both  suffered  significant  attack  and  degradation  when  from  5  up  to  90 
ppm  of  vanadium  was  added  to  the  fuel.  The  essential  findings  from  the  GE-NAVSEA  effort  have  been 
reported  in  the  literature  (18). 
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INDIVIDUAL  SYSTEMS 


Y.O--ZrO-> 

Although  we  are  concerned  over  the  potential  hot  corrosion  of  Y203-stabilized  Zr02,  YSZ  in  fact 
has  tested,  in  both  burner  rig  and  engine  experience,  as  superior  to  conventional  metallic  MCrAlY  and 
aluminide  blade  coatings  in  resistance  to  molten  sulfate-induced  hot  corrosion  (1 1 ,27-29).  The  affinity 
of  Y,03  for  reaction  with  V206  is  the  critical  problem;  this  affinity  is  so  strong  that  it  precludes  the  use 
of  Mg  (which  normally  "ties  up"  the  V206  as  3Mg0.V206,  or  Mg3V208.  mp.  1 1 00*0  for  fuel  vanadium 
treatment,  since  Y203  displaces  MgO  from  Mg3V208,  as  shown  by  Singhal  and  Bratton  (30),  by  the 
reaction. 


Zr02(Y203)  +  Mg3V208  Zr02  (monoclinic)  +  2  YV04  +  3  MgO  [2] 

Since  much  experience,  including  our  several  laboratory  studies  (1 3, 1 9,21 ,49,51 )  confirms  the  reaction 
of  Y203  and  YSZ  with  V206,  it  is  not  likely  that  YSZ  will  be  useable  with  fuel  containing  significant 

vanadium. 

MgO-ZrQ? 

On  the  basis  of  reaction  12],  MgO-stabilized  Zr02  (MSZ)  would  be  expected  to  be  more  resistant 
to  vanadium  fuel  impurities  than  YSZ,  and  this  appears  indeed  to  have  been  found  in  marine  engine 
service  (11).  However,  MgO  reacts  readily  with  S03  to  form  melt-soluble  MgS04,  with  the  reaction 
of  MgO  in  contact  with  molten  NaV03  being  demonstrable  in  the  laboratory,  for  instance,  even  at  very 
low  partial  pressures  (107  bar)  of  S03  (19).  Extensive  formation  of  MgS04  leading  to  degradation  of 
MgO-stabilized  Zr02TBCs  in  low-quality  fuel  burner  rig  tests  has  also  been  reported  (12,1 8).  Moreover, 
thermal  cycling  to  only  1000°C/1050°C  has  been  observed  to  cause  progressive  destabilization  of 
MgO-stabilized  Zr02,  apparently  as  the  result  of  rapid  coarsening  of  the  tetragonal  MSZ  grains  followed 
by  spontaneous  tetragonal-to-monoclinic  transformation  (28).  These  shortcomings  combine  to  make 
MgO-stabilized  Zr02  an  unpromising  candidate  for  Navy  ship  engine  applications. 


CeOo-ZrO, 

Ce02-stabilized  Zr02  (CSZ)  has  been  patented  as  a  hot  corrosion  resistant  material  (31). 
Laboratory  tests  also  indicate  Ce02  to  react  less  readily  than  Y203  with  molten  vanadate-sulfate 
systems  (13,19,20).  And  there  is  evidence  that  plasma-sprayed  Ce02(25wgt%)-Zr02  yields  a 
quenched-in,  metastable  tetragonal  phase  which  is  retained  even  after  1 00  hrs  at  1 600°C,  and  which 
does  not  undergo  a  tetragonal-monoclinic  transformation  under  low  temperature  cycling  (32).  This 
latter  material  is  proposed  for  ultra-high  temperature  TBCs,  although  the  authors  point  out  that  it  may 
be  lacking  in  erosion  resistance  as  compared  to  YSZ. 

On  the  negative  side,  it  appears,  as  noted  above,  that  even  in  melts  such  as  NaV03  where  the 
V206  activity  is  too  low  for  direct  reaction,  CSZ  may  nonetheless  be  destabilized  by  a  mineralization 
effect.  In  burner  rig  tests  with  Na,  S  and  V  impurity  additions,  CSZ  suffered  chemical  attack,  forming 
both  cerium  sulfates  (mostly  in  the  lower  temperature  tests  at  700°C)  and  CeV04;  it  was  difficult  to 
be  certain,  perhaps  because  of  the  high  V  and  S  levels  used,  that  CSZ  was  significantly  more  resistant 
than  YSZ  to  hot  corrosion  in  these  particular  tests  (18).  For  these  reasons,  and  because  CSZ  is  being 
actively  researched  by  several  groups  around  the  world,  we  have  not  pursued  Ce02-stabilized  Zr02 
further  in  this  Navy  effort. 
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TiQ7-ZrQo 


Titania  is  a  moderately  acidic  oxide  and,  at  the  lower  Ti02  compositions,  the  available  Zr02-Ti02 
phase  diagrams  are  similar  to  the  Zr02-Y203  system,  which  raised  the  possibility  of  Ti02-stabilized  Zr02 
(if  it  exists)  as  a  corrosion-resistant  TBC.  In  chemical  tests,  Ti02  did  not  react  chemically  with  either 
NaV03  or  V206,  but  its  crystal  structure  was  converted  from  anatase  to  rutile  (the  equilibrium  structure 
for  Ti02),  indicating  a  mineralization  effect.  Moreover,  when  vanadate-corrosion  tests  of  Ti02-Zr02 
ceramics  rapidly  cooled  from  the  melt  by  a  proprietary  method  were  conducted,  the  ceramics  were 
transformed  from  their  original  tetragonal  or  cubic  structure  to  a  predominantly  monoclinic  structure, 
but  with  no  apparent  reaction  product.  This  indicated  that  Ti02-Zr02  is  probably  subject  to 
destabilization  by  "mineralization"  in  the  same  way  as  Ce02-Zr02.  Also,  Ti02  was  found  to  react 
directly  with  Na2S04  to  give  Na2Ti03  and  S03,  with  Ti02-stabilized  Zr02  therefore  being  possibly 
susceptible  to  molten  sulfate  hot  corrosion.  Accordingly,  research  on  Ti02-Zr02  was  halted. 

It  is  interesting,  and  perhaps  relevant,  that  Pandolfelli  et  ai  (33)  have  since  attempted 
unsuccessfully  to  produce  Ti02-Zr02  tetragonal  zirconia  polycrystals  (TZP).  Although  powders  of  17.9 
and  21 .5  mol-%  Ti02  were  100%  tetragonal  after  calcining  at  950°C,  these  powders  invariably,  when 
densified  at  temperatures  above  1 200°C,  underwent  the  tetragonal-monoclinic  transformation  on 
cooling,  making  it  impossible  to  retain  TZP  at  room  temperature.  Pandolfelli  §t  a!  concluded  that  Ti02 
additions  to  Zr02  suppressed  densification,  and  accelerated  grain  growth  so  that  the  critical  grain  size 
for  spontaneous  tetragonal-monoclinic  transformation  was  exceeded  before  satisfactory  densification 
could  be  achieved. 


SnO.-ZrOo 

Vanadium  in  crude  oil  causes  vanadate-type  corrosion  of  the  rare  earth-exchanged  Y  zeolite 
(REY)  catalysts  used  in  high  temperature  (500°C-800°C)  fluid-cracking  petrochemical  refining.  Tin 
oxide  (Sn02)  suppresses  the  vanadium  attack  possibly  because,  as  we  have  shown,  Sn02  is  inert  at 
these  temperatures  to  chemical  reaction  with  all  sodium  vanadates  and  even  V206  itself,  and  so  may 
be  retained  in  the  Y  zeolite  structure  to  support  the  zeolite  crystallinity  and  catalytic  activity  (31). 
Later  work  confirmed  that  Sn02  was  inert  also  to  combined  Na20-V206-S03  attack  (32). 

This  suggested  Sn02  as  a  possible  corrosion-resistant  stabilizer  for  Zr02.  No  accepted  phase 
diagram  for  Sn02-Zr02  is  available,  and  Sn02  was  not  known  to  stabilize  Zr02.  On  the  other  hand,  it 
was  reported  that  1 0  mol-%  Sn02  was  soluble  in  Zr02,  and  reduced  the  tetragonal-to-monoclinic  phase 
transformation  temperature  from  1200°C  to  1050eC  (36).  Another  paper  indicated  that 
Sn02(3mol%),Y203(1 .5mol%)-Zr02  could  be  successfully  sintered  at  1 400°C  to  give  a  tetragonal  phase 
of  0.25  microns  grain  size,  although  their  goal  of  adding  Sn02  to  obtain  a  tetragonal  phase  of  high  Y203 
content  (e.g.,  6  mol-%  Y203)  was  not  achieved  (37). 

In  our  research,  sol-gel  prepared  powders  of  5-20  mol-%  Sn02  in  Zr02  were  all  found^to 
decompose  into  separate  monoclinic  Zr02  and  crystalline  Sn02  phases  upon  calcining  at  900°C. 
However,  Qadri  et  al  (38)  obtained  stabilization  of  the  cubic  Zr02  phase  over  the  composition  range 
of  3-20  wgt-%  (2.5-17  mol-%)  Sn02  in  Zr02  for  thin  films  deposited  by  electron  beam-physical  vapor 
deposition  on  substrates  heated  at  300°C.  A  limited  sulfate  hot  corrosion  burner  rig  test  at  900°C  was 
made  using  specimens  having  thin  films  of  Sn02-Zr02  "top-coated"  as  additional  protection  onto  a 
conventional  MCrAlY  protective  metallic  coating.  One  specimen  pin  survived  1000  hrs  with  little 
attack,  but  two  others  were  severely  corroded,  indicating  a  certain  "touchiness"  of  the  system.  It  is 
thus  doubtful,  especially  considering  the  high  (for  a  ceramic)  volatility  and  ease  of  reduction  of  SnOj, 
that  a  Sn02-Zr02  ceramic  of  sufficient  robustness  to  survive  as  a  high-temperature  gas  turbine  TBC 
can  be  developed,  although  use  for  corrosion  protection  at  lower  temperatures  may  be  possible. 
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In-,Q,-Zr0., 


Next  to  Sn02,  ln203  shows  the  greatest  resistance  to  V206  and  S03-Na2S04  reaction  of  all  the 
oxides  tested  (19,39).  Although  the  In203-Zr02  system  has  been  little  studied,  ln203  appears  to 
stabilize  Zr02  (24),  and  to  yield  the  tetragonal  (t')  phase  when  quenched  from  the  cubic  phase  region 
for  compositions  in  the  range  of  5-12  mol-%  ln203  (40).  However,  ln203  has  a  significant  vapor 
pressure  (for  a  ceramic),  and  has  been  found  to  volatilize  from  sintered  (Zr02)08(ln203)0.4  and 
(Zr02)o.6(ln203)o.6  specimens  at  temperatures  above  1400°C  (41).  On  the  other  hand,  In203-Zr02 
ceramics  have  been  successfully  fired  at  up  to  1 700°C  (24,40),  and  one  might  expect  less  volatilization 
of  ln203  at  lower  ln203  compositions,  perhaps  especially  from  the  quenched  tetragonal  (t')  phase. 


Our  investigation  of  ln203-stabilized  Zr02  (ISZ)  was  conducted  before  the  references  above 
(24,40)  were  available,  and  centered  on  a  study  of  the  vanadate  corrosion  resistance  of  a  sol-gel 
prepared  In203(3.9mol%)-Zr02  powder  which  was  calcined  at  900°C  (39).  This  ISZ  powder  was 
destabilized  by  even  pure  NaV03,  despite  the  fact  that  ln203  itself  is  chemically  inert  to  NaV03  with 
up  to  20  mol-%  of  V206  added.  However,  the  rate  of  destabilization  was  less  than  for  yttria-stabilized 
zirconia,  and  in  that  sense,  ISZ  was  an  improvement  over  YSZ.  Only  free  ln203  was  detected  during 
ISZ  destabilization  in  melts  of  up  to  V206(20mol%)-NaV03,  whereas  only  lnV04  was  found  for  melts 
of  V206(35mol%)-NaV03  and  higher.  Destabilization  thus  apparently  occurred  by  mineralization  in  the 
low-V206  melts,  but  by  chemical  reaction  (or  mineralization  followed  by  chemical  reaction)  in  the  high- 
V206  melts. 


When  air  plasma-spraying  (APS)  of  ISZ 
thermal  barrier  coatings  was  attempted,  the 
ln203  vaporized  out,  leaving  a  coating  of  only 
monoclinic  Zr02.  It  was  subsequently  demon¬ 
strated,  however,  that  ISZ  coatings  could  be 
prepared  by  e-beam  deposition,  with  3.5-11 
mol-%  ln203  stabilizing  the  cubic  Zr02  structure 
(42).  A  study  was  also  made  of  a  series  of 
"dual"  ln203,Y203-stabilized  Zr02  powders  in 
hope  of  combining  the  phase  stabilizing  strength 
of  Y203  with  the  corrosion  resistance  of  ln203 
but,  although  better  than  YSZ,  these  powders 
too  were  readily  destabilized  by  NaV03  melts, 
especially  at  900°C  (43). 

In  retrospect,  it  appears  that  the  900  eC 
firing  temperature  and  3.9  mol-%  ln203 
composition  (chosen  by  "analogy"  with  the 
Y203-Zr02  system)  used  in  our  original  study  of 
ISZ  were  not  optimum.  Zr02  containing  8-10 
mol-%  ln203,  and  heat  treated  and  quenched 
from  1 500-1 700°C  to  obtain  the  tetragonal  (t') 
phase,  would  most  likely  be  the  best  candidate 
for  a  vanadate-resistant  ISZ  ceramic.  We  are 
undertaking  a  final,  short  study  of  ISZ  to  explore 
this  possibility. 


WTXSc203 


Figure  7Zr02-Sc203  phase  diagram,  after  Ruh  et  a). 
Ref.  45. 
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SCiO^-ZrO, 


The  high  temperature  properties  of  scandia  (Sc203)  are  sufficiently  good  (e.g.,  its  vapor 
pressure  is  lower  than  Al203  or  Ce02)  that  Sc203  is  one  of  the  few  oxides  recommended  for 
consideration  for  engine  use  above  1 650«C  (44).  The  phase  diagram  by  Ruh  £t  a!  (45)  for  Zr02-Sc203 
(Fig.  7)  indicates  that,  in  the  region  of  about  4  to  8  mol%  Sc203,  a  tetragonal  a2'  zircoma  phase  is 
stable  down  to  200°C.  This  phase  has  since  been  identified  by  Sheu£ia](40)  as  being  the  metastable 
tetragonal  (t')  phase.  The  desired  tetragonal  (t')  phase  thus  appears  readily  obtainable  in  the  Zru2- 


Sc,0,  system. 
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Figure  8  Comparison  of  the  activity  of  Y203  and  Sc203  in  solid  solution  in  high  temperature  Zr02, 
as  compiled  in  a  review  by  Jacobson  (46)  of  high  temperature  oxide  properties,  after 
Refs.  47,48. 


The  Russian  literature,  as  compiled  by  Jacobson  (46),  suggests  also  (Fig.  8)  that  Sc203  exhibits 
a  strong  negative  deviation  from  ideal  solid  solution  behavior  in  Zr02  at  2327°C  in  the  region  of  0  to 
20  mol%  Sc203  (47).  This  indicates  attractive  forces  between  Zr02  and  Sc203  (i.e.,  tending  toward 
a  stable  phase).  Since  negative  deviations  from  ideal  solution  behavior  normally  become  stronger  as 
the  temperature  is  lowered,  this  predicts  the  possibility  of  a  chemically  highly-stable  (i.e.,  low  Sc203 
activity)  Zr02-Sc203  phase  at  lower  temperatures.  The  high  temperature  negative  deviation  from  ideal 
solid  solution  behavior  in  Zr02  appears  to  be  somewhat  greater  for  Sc203  than  Y203  (48). 


As  an  opposing  consideration,  Belov  et  a!  observed  that  all  of  the  Sc203  was  volatilized  from 
a  50  mol%  Sc203-Zr02  specimen  after  only  100  minutes  at  2327°C  (47).  Both  Sc2°3  ^nd  Y203 
volatilize  incongruently,  with  data  gathered  by  Jacobson  (46)  indicating  a  temperature  of  440  C  or 
a  vapor  pressure  of  10‘12  atm  for  the  major  fragment  ScO  over  pure  Sc203,  as  opposed  to  1470  C  for 
10-12  atm  of  the  major  fragment  YO  over  pure  Y203.  The  vapor  pressures  would  be  reduced  for  solid 
solutions  of  4  to  7  mol%  of  Y203  or  Sc203  in  Zr02,  with  the  Sc203  vapor  pressure  then  being  possibly 
the  lower  because  of  the  stronger  deviation  from  ideal  solid  solution  behavior  shown  in  Fig.  8. 

Our  experiments  showed  Sc203  to  be  more  resistant  than  Y203  to  reaction  with  an  S03/Na2S04 
environment  (49),  and  also  to  reaction  with  molten  NaV03.  This  last  point  was  somewhat  difficult  to 
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establish  because  a  weak  3NaV03-Sc203  compound  forms  below  880  C  (50)  whose  x-ray  d'Jfraction 
pattern  is  very  similar  to,  and  thus  difficult  to  distinguish  from,  unreacted  Sc203.  However  at  900  U 
Sc,0,  can  be  readily  determined  to  be  chemically  inert  to  NaV03,  whereas  Y203  reacts  strongly,  with 
YVO.  formed.  Subsequently  Sc203-stabilized  Zr02  ISSZ)  was  prepared,  and  confirmed  to  be  superior 
to  Y,0,-stabilized  Zr02  in  vanadate-corrosion  resistance,  both  as  sintered  pellets  (49),  and  as  an  air 
plasma-sprayed  coating  on  test  coupons,  where  the  SSZ  coating  withstood  heavy  deposits  of  highly 
V206-rich  (up  to  70  mol%  V20B)  NaV03  melts  at  900°C  (Fig.  9)  without  destabilization  (51). 


In  follow-up  developmental  research, 
SSZ  thermal  barrier  coatings  were  successfully 
prepared  by  APS  at  several  different  plasma- 
spraying  facilities,  and  by  electron  beam-physical 
vapor  deposition  in  the  General  Electric  EB-PVD 
production  coater.  The  coatings  were  laid  down 
using  essentially  the  same  parameters  as 
developed  for  YSZ,  and  showed  equivalent 
coating  efficiencies  and  similar  granular 
structures  to  YSZ  in  each  case.  The  problem  of 
spalling  (actually  a  "lifting  off"  of  the  entire  SSZ 
layer)  that  was  encountered  in  vanadate- 
corrosion  testing  of  our  first  SSZ  coated 
coupons  (ref.  51,  and  as  noted  in  Fig.  9)  was 
not  seen  in  any  of  the  subsequent  coating 
procedures,  and  thus  was  presumably  an  artifact 
just  of  that  one  test  set.  It  should  not  be 
necessary  to  develop  radically  new  coating 
procedures  or  equipment  in  order  to  replace  YSZ 
coatings  with  scandia-stabilized  zirconia  TBCs. 


Figure  9  Destabilization  of  SSZ  vs.  YSZ  coated 
coupons  by  V206-NaV03  at  900°C,  as  a  function  of 
V206  mol%  of  the  deposit.  Ref.  51 . 


Two  performance  tests  have  been  thus  far  completed.  One  test,  conducted  in  cooperation  with 
the  Naval  Engine  Airfoil  Center  (NEAC),  Cherry  Point,  NC,  was  of  low  pressure  plasma-sprayed  (LPPS) 
SSZ  vs.  YSZ  thermal  barrier  coatings  on  the  HP  2nd  stage  vanes  of  a  Harrier  gas  turbine  engine  in 
accelerated  test-cell  trials  (i.e.,  only  oxidation,  no  hot  corrosion).  The  SSZ  and  YSZ  coatings  both 
spalled  in  this  test  (possibly  because  of  lack  of  optimization  of  the  exploratory  LPPS  coating  Process), 
but  with  the  SSZ  coating  being  perhaps  somewhat  less,  or  at  least  no  worse,  spaced  than  the  YSZ 
coating.  The  second  test  was  of  SSZ  thermal  barrier  coated  pins  in  a  long-term  1700  F,  high-sulfur 
(up  to  4%  sulfur,  but  no  vanadium)  burner  rig  evaluation  of  TBCs  at  the  General  Electric  Aircraft  Engine 
Co,  Cincinnati,  OH.  In  this  test,  the  SSZ  coating  withstood  1750  hrs  without  spalling  or  monoclimc 
formation,  although  trace  amounts  of  Zr3Sc4012  were  detected  by  x-ray  (52).  However  YSZ  coatings 
withstood  the  Na2S04-high  S03  burner  rig  environment  equally  well,  with  no  spalling  or  destabilization, 
and  there  was  thus  no  evidence  that  SSZ  was  more  corrosion-resistant  than  YSZ. 


In  general,  the  consensus  has  been  that  "-SSZ  tests  about  as  good,  but  not  discernibly  better 
than  YSZ  "  This  judgment  is  somewhat  mitigated  by  noting  1 )  that  prototype  SSZ  coatings  were  being 
compared  with  highly  optimized  YSZ  coatings  developed  over  many  years,  and  2)  that  no  good  tests 
involving  vanadium,  where  SSZ  might  show  its  worth,  have  yet  been  obtained. 


Moreover,  a  new  factor  has  quite  recently  come  into  the  scandia-stabilized  zirconia  question; 
this  being  that  we  have  found  that  scandia.yttria-stabilized  zirconia  (SYSZ)  may  retain  its  tetragonal 
(f)  phase  stability  up  to  1400°C  (53,54).  This  is  a  200°C  higher  temperature  capability  than  current 
YSZ  coatings  provide  and,  if  proven,  could  make  SYSZ  coatings  of  potential  importance  to  the  entire 

gas  turbine  industry. 
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IMPROVED  1 400°C  TETRAGONAL  (T')  PHASE  STABILITY  WITH  SCANDIA.YTTRIA-STABILIZED 
ZIRCONIA 

Current  superalloys  have  a  temperature  capability  of  1 100°C  and,  if  we  presume  a  AT  of  up 
to  300°C  across  the  TBC  may  be  possible,  then  there  may  be  applications  even  in  the  near  future 
where  the  outer  surface  of  the  TBC  will  be  at  1400°C  (55).  This  is  well  beyond  the  tetragonal  (t ) 
stability  range  of  present-day  Y203-stabilized  Zr02  TBCs  (10,55).  and  accordingly,  there  is  currently 
d  vigorous  saarch  for  ultra-high  tarnparature  TBC  zirconias. 

An  accepted  procedure  in  this  search  is  to  heat  the  candidate  TBC  coating  or  material 
isothermally  for  100  hrs  at  high  temperature,  and  then  to  analyze  by  x-ray  for  the  phase 
transformations,  especially  monoclinic  formation,  that  occur  on  slow  cooling,  or  'n  subsequent  thermal- 
cycle  thermal  expansion  measurements.  By  this  test,  Brandon  si  si  proved  that  Ce02(25  wgt  AhZ'O, 
could  survive  100  hrs  at  1600°C  without  detectible  monoclinic  formation,  and  was  thus  a  candidate 
ultra-high  temperature  TBC  material,  although  it  may  have  less  erosion  resistance  than  YSZ  coatings 

(32,56). 

Besides  ceria,  hafnia  (Hf02)  is  being  considered  as  a  means  of  improving  ultra-high  temperature 
TBC  capability.  Miller  and  Leissler  have  examined  Hf02-Y203  TBCs  and  found  that  they  give  equivalent 
performance  to  Zr02-Y203  TBCs,  but  at  high  Y203  compositions  of  up  to  27  wgt%  where  the  crystal 
structure  is  fully  cubic.  There  is  thus  no  need  for  tetragonal  (t’)  stability,  and  Miller  suggests  that 
Hf02-Y203  may  therefore  be  useful  as  an  ultra-high  temperature  TBC  (57). 

Ibegazene  et  a!  (58)  have  investigated  Hf02  from  another  aspect,  working  on  the  hypothesis 
that  substitution  of  Hf02  into  the  Zr02  matrix  might  move  the  phase  transformations  to  higher 
temperatures  (in  accord  with  the  Hf02-Y203  phase  diagram),  and  so  improve  ultra-h.gh  temperature 
TBC  performance.  Using  8  wgt%  Y203  stabilizer,  they  obtained  the  tetragonal  (t')  phase  for  all  Zr02- 
HfO,  mixtures  ranging  from  0  to  100%  Hf02.  However.  100-hr  isothermal  aging  tests  at  1200  C 
revealed  that  Hf02  in  fact  accelerated  the  rate  of  tetragonal  (t')  reversion,  with  substantial  amounts 
of  the  monoclinic  phase  being  found  with  the  50  and  1 00  percent  Hf02  coatings.  Ibegazene  et  a. 
propose  that  Hf02  indeed  moves  the  c^t'  transformation,  which  they  believe  normally  occurs  at 
1 400-1 500°C  with  Y203(8wgt%)-Zr02  (although  this  lies  well  within  the  mixed  tetragonal  (t)-cubic 
phase  region),  to  higher  temperatures;  they  conclude,  however,  that,  since  the  t’  phase  is  now 
presumably  more  unstable  at  1200°C  by  virtue  of  being  further  from  its  new,  higher  c  -  t 
transformation  temperature,  the  ultimate  effect  may  be  to  actually  increase  the  driving  force  for,  and 
therefore  the  rate  of,  the  tetragonal  (t*)  phase  reversion. 


Fviftence  for  Hioh-temperature  t'  Stability  with^c2Q3JY2p3-?tabilizgd  ZrQ2 

Experimental  Series  1.  In  experiments  intended  to  examine  the  vanadate  hot  corrosion 
resistance  of  Sc203,Y203-stabilized  Zr02  (SYSZ),  a  series  of  sol-gel  prepared  zircon.a  plasma  spray 
powders  having  nominally  7  wgt%  of  total  stabilizer,  and  in  which  the  stabilizer  was  varied  from  0  to 
100%  Sc,Oa,  were  fired  for  140  hrs  at  1400°C.  and  then  cooled  in-furnace  (maximum  rate  of  cooling 
1 0°C/minute)  overnight  (53).  The  compositions  of  the  powders,  as  determined  by  ECP  emission 
spectroscopy,  are  listed  in  Table  2. 

The  behavior  of  these  powders  in  terms  of  the  percent  of  monoclinic  formation  (i.e., 
destabilization  of  the  tetragonal  phase)  is  compared  in  Fig.  10  as  a  function  of  the  percent  of  the 
stabilizer  that  is  Sc203.  For  this  comparison,  it  was  deemed  sufficient  to  estimate  the  percent  of 
monoclinic  formation  simply  by  the  ratio  of  the  relative  peak  heights,  i.e., 

%  monoclinic  =  Mono.H  11)  Peak  Hgt  /  (Mono.  (Til)  PH  +  Tetr.  (Ill)  PH)) 


[3] 


TABLE  2 


Composition  of  Series  1  SYSZ  Powders  as  Determined  by 
Inductively  Coupled  Plasma  Emission  Spectroscopy 

Stabilizer  Total 

Powder  Composition  (mol%)  percent'  percent" 


number 

ZrOj 

HfQ2 

Y.Q3 

Sc?Qs 

Sc203 — 

“I-  SCoO, 

i 

94.9 

1.20 

3.90 

0.0 

0.0 

3.90 

2 

94.7 

1.33 

3.37 

0.63 

15.8 

4.00 

3 

94.3 

1.35 

2.80 

1.55 

35.6 

4.35 

4 

93.8 

1.33 

1.88 

2.94 

61.0 

4.82 

5 

93.0 

1.31 

0.93 

4.78 

83.7 

5.71 

6 

92.7 

1.33 

0.37 

5.63 

93.8 

6.00 

7 

92.8 

1.29 

0.0 

5.90 

100.0 

5.90 

'Mole  percent  of  Sc203  in  stabilizing  oxide. 
"Total  mole  percent  of  stabilizing  oxide. 


The  powder  behaviors  shown  in  Fig.  10  are  for 
the  powders  simply  as  calcined  at  900°  C  (•); 
for  the  powders  after  being  aged  for  1 40  hrs  at 
1400°C  (O);  for  the  powders  after  being  aged 
and  then  exposed  for  1 00  hrs  at  900°C  in  a  50 
wgt%  mix  with  NaV03  (v);  and  for  the  powders 
after  being  aged  for  1 40  hrs  at  1 400°C,  heavily 
ground  in  a  mortar  and  pestle,  and  then  exposed 
for  100  hrs  at  900°C  in  a  50  wgt%  mix  with 
NaV03  (□). 

Fig.  1 0  reveals  several  important  points. 
First,  Powder  1  (only  Y203  stabilizer),  and 
Powders  5-7  (high  Sc203-  to  100%-Sc203 
stabilizer)  are  100%  tetragonal  (or  cubic)  and 
show  no  monoclinic  peaks  after  being  calcined 
at  900°C;  however,  after  140  hrs  at  1400°C,  the 
monoclinic  phase  is  formed,  and  ranges,  as 
calculated  by  Eqn.  3,  from  about  32%  for 
Powder  1  down  to  13%  for  Powder  6. 
Examples  of  the  different  x-ray  spectra  over  the 
range  of  27-36°  2-theta  are  shown  in  Fig.  11.  If 
the  monoclinic  content  is  calculated  more 
quantitatively,  following  the  method  of  Toraya 


Figure  10  Percent  monoclinic  formation  of  SYSZ 
powders  as  function  of  stabilizer  Sc203  percent  (cf. 
Table  2),  and  the  various  treatments  indicated. 

et  a!  (59),  then  Powder  1  is  indicated  to  have  a 


monoclinic  volume  content  of  about  53%,  and  Powder  6  about  17%. 


Since  the  composition  of  Powder  1  at  3.90  mol%  Y203  (or  7.80  mol%  Y016)  lies  near  the 
center  of  the  mixed  tetragonal  (t)-cubic  phase  region  at  1400°C  in  the  Zr02-Y203  phase  diagram  (Fig. 
5),  the  equilibrium  phase  composition  at  1400°C  would  be  approximately  50%  each  of  the  tetragonal 
(t)  and  cubic  phases.  Our  finding  of  -50  vol%  monoclinic  for  Powder  1  at  25°C  is  therefore 
consistent  with  the  t'  -*  t  +  c  phase  reaction  having  gone  to  completion  at  1 400°C,  and  the  tetragonal 
(t)  -*  monoclinic  transformation  having  gone  to  completion  upon  cooling  to  25°C. 
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Most  importantly,  it  can  be  clearly  seen 
in  Fig.  1 0  that  the  amount  of  monoclinic  formed 
upon  1400°C  aging  decreases  in  going  from 
Powder  1,  Y203(3.9mol%)-Zr02,  to  Powder  6, 
Sc203(5.63mol%),Y203(0.37mol%)-Zr02,  but 
then  increases  slightly  for  Powder  7, 
Sc203(5.90mol%)-Zr02.  This  is  strong  evidence, 
on  the  basis  of  the  reasoning  above,  that  the 
tetragonal  (t')  reversion  at  1400#C,  t'  -*t  +  c,  is 
substantially  slower  for  Sc203-stabilized  Zr02 
containing  small  additions  of  Y203  than  for  either 
purely  Y203-  or  purely  Sc203-stabilized  Zr02. 

The  second  point  to  be  noticed  in  Fig.  1 0 
is  that,  when  the  1400#C-aged  powders  were 
corrosion-tested  with  900°C  NaV03,  the  Y203- 
rich  Powders  1  and  2  were  converted  essentially 
to  100%  monoclinic  (because  the  Y203  was 
removed  by  YV04  formation),  whereas  the 
remainder  of  powders,  which  contained  —40 
relative  %  and  upwards  of  Sc203  in  the 
stabilizer,  showed  virtually  no  additional 
development  of  monoclinic  in  the  presence  of 
molten  NaV03.  This  suggests  that  SYSZ 
ceramics  may  have,  in  the  same  material,  the 
potential  for  giving  both  improved  vanadate  hot 
corrosion  resistance,  and  superior  1400°C 
tetragonal  It')  phase  stability,  as  compared  to 
YSZ  thermal  barrier  coatings.  This  hypothesis 
must  be  conditioned,  however,  by  noting  that  it 
has  not  been  verified,  as  with,  e.g.,  Powder  3 
(2.8  mol%  Y203,  1.55  mol%  Sc203),  that  the 
Y203  and  Sc203  are  truly  acting  in  synergy  to 
provide  hot  corrosion  resistance,  and  that  it  is 
not  just  the  Sc203  alone  giving  corrosion- 
resistant  stabilization,  while  the  Y203  behaves 
only  as  a  reactable  impurity. 

The  final  point  of  importance  in  Fig.  10 
is  that  the  1 400°C-aged  Powders  5-7  show  little, 
if  any,  gain  in  monoclinic  content  either  upon 
being  heavily  ground  in  a  mortar  and  pestle,  or 
when  the  ground  Powders  are  subsequently 
subjected  to  molten  NaV03  corrosion-testing. 
This  indicates  1 )  that  the  tetragonal  phase  is  not 
transformed  by  physical  stress  and  therefore  is 
most  likely  the  tetragonal  (t')  phase,  and  2)  that 
grinding,  or  physical  abrasion,  does  not  cause  an 
increase  in  susceptibility  to  vanadate  corrosion. 
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Figure  11  X-ray  diffraction  spectra  of  Series  1 
SYSZ  powders  after  aging  at  1 400°C  for  1 40  hrs. 


Experimental  Series  2.  To  confirm  these  findings,  a  second  series  of  SYSZ  powders  was 
prepared  by  the  same  sol-gel  processing,  but  this  time  aiming  at  7  mol%  total  stabilizer  content,  and 
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examining  only  the  range  of  100  to  80  relative 
percent  of  Sc203  to  better  pinpoint  the  optimum 
stabilizer  composition  (cf.  Table  3,  p.  16).  The 
powders  were  aged  for  140  hrs  at  1400°C  in 
just  the  same  way  as  the  Series  1  SYSZ 
powders. 

Fig.  12  shows  the  x-ray  diffraction 
spectra  in  the  27-36°  2-theta  region  for  the 
different  Series  2  SYSZ  powders  after  the 
1400°C  aging. 

The  1400°C  stability  of  the  SYSZ 
tetragonal  (t')  phase  is  reconfirmed  by  the  x-ray 
spectra  of  the  Series  2  powders.  Very  minimal 
monoclinic  formation  is  indicated  for  Powders 
3-5,  where  the  stabilizer  is  95%,  90%,  and  80% 
Sc203,  respectively.  The  total  stabilizer  content 
is  -6.75  mol%  for  the  Series  2  powders,  as 
opposed  to  -6.0  mol%  for  the  equivalent  Series 
1  powders;  it  appears,  from  a  comparison  of  the 
two  sets  of  spectra,  that  the  higher  stabilizer 
content  is  probably  better. 

Potential  SYSZ  Thermal  Barrier  Coatings 

In  considering  Sc203,  Y203-stabilized  Zr02 
for  possible  development  as  a  thermal  barrier 
coating  system,  it  is  useful  to  briefly  review 
some  of  the  factors  involved. 

Scandium  lies  just  above  yttrium  in 
Group  IIIB  of  the  periodic  table,  and  Sc203  is 
very  similar  to  Y203  in  having  high  resistance  to 
reduction  under  low  02  partial  pressures,  and 
low  vapor  pressure  at  very  high  temperatures. 
In  these  properties,  Sc203  is  substantially 
superior  to  Ce02.  Sc203  also  exhibits  a  strong 
negative  deviation  from  ideal  solid  solution 
behavior  in  Zr02  at  high  temperature  (47),  and 
thus  should  tend  to  form  strong  chemical 
bonding  in  the  Zr02  matrix.  The  ability  of  Sc203 
to  stabilize  the  tetragonal  (t')  phase  has  been 
established  (40,45).  Finally,  Sc203  (sp.  dens. 
3.86)  has  the  advantage  of  being  lighter  than 
Y203  (sp.  dens.  5.01),  Zr02  (sp  .dens.  5.6)  or 
Hf02  (sp.  dens.  9.68). 
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With  regard  to  processing,  it  has  been 

shown  that  Sc203-stabilized  Zr02  TBCs  can  be  Figure  12  X-ray  diffraction  spectra  of  Series  2 
successfully  prepared  by  APS  or  EB-PVD  using  SYSZ  powders  after  aging  at  1 400°C  for  1 40  hrs. 
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TABLE  3 


Composition  of  Series  2  SYSZ  Powders  as  Determined  by 
Inductively  Coupled  Plasma  Emission  Spectroscopy 


Stabilizer  Total 


Powder 

Composition  (mol%) 

percent’ 

percent** 

number 

ZrO, 

HfQ2 

Sc?Q3 — 

1 

91.75 

0.90 

0.0  7.35 

100.0 

7.35 

2 

92.22 

0.95 

0.17  6.66 

97.5 

6.83 

3 

92.38 

0.97 

0.34  6.31 

94.9 

6.65 

4 

92.14 

0.95 

0.66  6.24 

90.4 

6.90 

5 

92.26 

0.96 

1.36  5.42 

79.9 

6.78 

‘Mole  percent  of  Sc203  in 

stabilizing  oxide. 

“Total  mole  percent  of  stabilizing  oxide. 

essentially  the  same  parameters  as  for  Y203-stabilized  Zr02.  There  is  no  a  priori  reason  to  expect 
difficulty  in  producing  SYSZ  thermal  barrier  coatings,  especially  since  Sc203  and  Y203  have  similar 
vapor  pressures.  The  erosion  resistance  of  TBCs  depends  critically  upon  the  processing  parameters, 
especially  for  APS,  but  again  because  of  the  similarity  of  Sc203  and  Y203,  there  is  no  reason  to  believe 
that  the  erosion  resistance  of  SYSZ  coatings  should  be  significantly  poorer  than  YSZ  coatings. 

Cost  of  Sc-O,  A  principal  objection  raised  against  Sc203-stabilized  Zr02  TBCs  is  the  cost  of 
Sc203,  which  is  presently  of  the  order  of  $5/gm  for  bulk  purchases.  Prices  for  Sc203  are  dropping, 
however,  with  Sc203  of  99%  purity  from  China  recently  being  offered  for  $0.80/gm.  To  coat  an  area 
of  60  cm2  (the  approximate  area,  front  and  back,  of  a  1st  stage  vane  or  blade  airfoil  in  an  engine  of 
the  size  of  the  LM2500)  with  a  Sc203(7mol%)-Zr02  layer  of  250  m fj  thickness  requires  -0.58  gms 
of  Sc203.  Depending  on  price,  the  additional  cost  for  Sc203  would  thus  be  from  about  $0.46  to  $3.00 
per  blade.  Since  modern  air-cooled  gas  turbine  blades  cost  of  the  range  of  $1000-$3000  each,  and 
the  TBC  coating  itself  perhaps  $100-$200,  the  small  extra  cost  for  Sc203  would  be  easily  recovered 
by  improvements  of  well  less  than  1%  in  TBC  performance  or  component  lifetime.  The  cost 
effectiveness  of  Sc203  would  be  especially  great  in  those  cases  where  SYSZ  might  allow  TBCs  to  be 
used  in  corrosive  environments,  such  as  ship  propulsion  engines,  or  ultra-high  temperature  applications, 
which  YSZ  coatings  are  not  capable  of  withstanding. 

The  analysis  above  neglects  the  loss  of  material  during  the  coating  process.  As  little  as  20% 
of  the  zirconia  may  be  deposited  on  the  work  piece  as  a  TBC  coating  in  APS,  and  perhaps  as  little  as 
5%  in  EB-PVD.  However,  the  zirconia  overspray  must  be  ultimately  recovered  even  if  for,  as  at 
present,  only  the  cleaning  of  the  APS  spray  booth  or  EB-PVD  evaporator.  If  expensive  Sc203- 
containing  zirconias  come  into  use,  it  should  be  relatively  easy  to  arrange  for  salvage  of  the  valuable 
overspray  material. 

POSSIBLE  DEVELOPMENT  OF  SYSZ  THERMAL  BARRIER  COATINGS 

The  development  of  a  new  thermal  barrier  coating  system  is  an  expensive  and  complex  matter 
that  must  be  approached  with  caution,  especially  for  TBCs  that  may  be  used  on  critical  engine 
components  such  as  1  st  stage  blades.  It  is  not  even  certain,  for  example,  that  the  improved  high- 
temperature  tetragonal  (t')  phase  stability  found  here  for  SYSZ  plasma  spray  powders  will  be  retained 
in  TBCs  prepared  by  APS  from  these  materials,  although  experience  with  Y203-stabilized  Zr02  indicates 
that  the  crystal  structure  of  the  TBC  is  usually  in  fact  benefited  by  the  APS  process  (60). 
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As  an  initial  step  toward  development  of  SYSZ  thermal  barrier  coatings,  we  plan  to  work  with 
industry  to  prepare  SYSZ  thermal  barrier  coated  test  coupons.  The  coupons  will  then  be  examined  in 
a  specialized  test  system  capable  of  heating  the  SYSZ  outer  surface  to  1 400°C  while  keeping  the 
coupon  metal  substrate  at  1 1 00°C  or  lower.  These  tests  will  provide  critical  data  on  the  overall 
performance  of  SYSZ  at  high  temperature,  including  spalling,  tetragonal  (t')  phase  stability,  sintering 
(sintering  of  the  zirconia  is  a  looming  problem  in  high  temperature  TBCs),  and  bond  coat  oxidation. 
From  these  data,  it  should  be  possible  to  assess  the  ultimate  potential  of  Sc203,Y203-stabilized  Zr02 
as  a  high  temperature  TBC. 

CONCLUSIONS 

Of  the  oxides  (Y203,  MgO,  Ce02,  Ti02,  Sn02,  ln203  and  Sc203)  evaluated,  Sc203  is  the  most 
corrosion-resistant  effective  stabilizer  for  Zr02,  and  Sc203-stabilized  Zr02  (SSZ)  the  most  promising 
candidate  for  thermal  barrier  coating  (TBC)  use  in  Navy  ship  propulsion  gas  turbines  burning  marine- 
quality  fuel. 

Sc203,Y203-stabilized  Zr02  (SYSZ),  of  ~7  mol%  total  stabilizer  content  of  which  5-20%  is 
Y203,  shows  both  superior  hot  corrosion  resistance  (especially  against  vanadate  hot  corrosion),  and 
improved  1400#C  tetragonal  (t')  phase  stability,  as  compared  to  present-day  Y203-stabilized  Zr02 
thermal  barrier  coatings. 

SYSZ  may  be  an  important  new  candidate  for  ultra-high  temperature  TBC  use  in  future  high 
temperature,  high  efficiency  gas  turbines. 
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